Abstract Human centromeres contain multi-megabasesized arrays of alpha satellite DNA, a family of satellite DNA repeats based on a tandemly arranged 171 bp monomer. The centromere-specific histone protein CENP-A is assembled on alpha satellite DNA within the primary constriction, but does not extend along its entire length. CENP-A domains have been estimated to extend over 2,500 kb of alpha satellite DNA. However, these estimates do not take into account inter-individual variation in alpha satellite array sizes on homologous chromosomes and among different chromosomes. We defined the genomic distance of CENP-A chromatin on human chromosomes X and Y from different individuals. CENP-A chromatin occupied different genomic intervals on different chromosomes, but despite inter-chromosomal and inter-individual array size variation, the ratio of CENP-A to total alpha satellite DNA size remained consistent. Changes in the ratio of alpha satellite array size to CENP-A domain size were observed when CENP-A was overexpressed and when primary cells were transformed by disrupting interactions between the tumor suppressor protein Rb and chromatin. Our data support a model for centromeric domain organization in which the genomic limits of CENP-A chromatin varies on different human chromosomes, and imply that alpha satellite array size may be a more prominent predictor of CENP-A incorporation than chromosome size. In addition, our results also suggest that cancer transformation and amounts of centromeric heterochromatin have notable effects on the amount of alpha satellite that is associated with CENP-A chromatin.
Introduction
Centromeres are specialized loci essential for chromosome segregation in meiosis and mitosis. Normal human centromeres are located at regions of alpha satellite DNA, a~171 bp repeat subunit, that is tandemly organized as either homogenous arrays or heterogenous monomers Willard and Waye 1987; Rudd and Willard 2004) . On endogenous human chromosomes, alpha satellite DNA is organized into higher-order repeat units (HOR) that contain a specific number of monomers. Hundreds of copies of the HORs give rise to homogenous arrays at each primary constriction. Alpha satellite DNA arrays show both inter-and intra-chromosomal size variation that ranges from 200 kb to 5 Mbs (Wevrick and Willard 1989; Mahtani and Willard 1990; Lo et al. 1999 ). Higher order alpha satellite DNA is the site of centromere protein binding, including CENP-A, the centromerespecific histone H3 variant. CENP-A is the structural foundation for the three-dimensional kinetochore, linking centromeric DNA and protein components of the kinetochore. Centromeric chromatin appears on linear chromatin fibers as CENP-A nucleosomes interrupted by blocks of nucleosomes containing H3.
Alpha satellite DNA genetically and functionally defines the human centromere and is an efficient substrate for new centromere formation (Harrington et al. 1997; Schueler et al. 2001; Grimes et al. 2002) . Although the arrays extend several megabases on a given chromosome, centromere proteins are usually positioned on only a fraction of the total repeat array (Blower et al. 2002; Spence et al. 2002; Zeng et al. 2004; Lam et al. 2006) . Previous studies that used chromatin fibers to view organization of centromeric chromatin domains in various organisms were unable to offer single nucleosome resolution so that CENP-A foci were thought to represent groups of nucleosomes. In fact, the number of CENP-A foci per fiber varied, from a few to more than 50, implying that the sizes of CENP-A chromatin domains and/or the number of CENP-A nucleosomes within subdomains may normally vary at individual centromeres. Several fluorescence-based microscopy studies of threedimensional metaphase chromosomes have also suggested that kinetochore size varies two-to threefold (Cherry et al. 1989; Tomkiel et al. 1994; Irvine et al. 2004) . Such variation implies that the extent of centromeric chromatin, as defined as chromatin containing interspersed CENP-A and H3, correlates with the physical size of kinetochores. It has been estimated from biochemical analysis that CENP-A nucleosomes occupy 2,500 kb of alpha satellite DNA (Black et al. 2007 ), but these studies assumed similarly sized or an equal number of CENP-A and H3 subdomains. Furthermore, while these estimates may reflect the average ratio of CENP-A to H3 nucleosomes within the higher order structure of the primary constriction, they did not take into account the extensive range of human alpha satellite DNA array sizes present within single individuals and among different people. In this study, we optically measured the genomic extent of CENP-A chromatin assembly on alpha satellite DNA arrays of defined size on individual Homo sapiens chromosomes X (HSAX) and Y (HSAY). Our results indicate that like alpha satellite array length, the genomic size of the CENP-A domain is heterogeneous but is formed proportionally on alpha satellite DNA, regardless of chromosome origin.
Materials and methods

Cell lines and culture
Human male cell lines and rodent somatic cell hybrid lines containing a single human Y chromosome were grown in MEM alpha supplemented with 10% fetal bovine serum (FBS), L-glutamine, and 1× antibioticantimycotic solution (Invitrogen). Rodent-human somatic cell hybrids containing a single human X were grown in MEM alpha containing 10% FBS, 1× antibiotic antimycotic and 1× HAT (hypoxanthine/ aminopterin/thymidine; Invitrogen). Male lymphoblast line DIP1 was grown in RPMI 1640 supplemented with 10-15% FBS, L-glutamine, 1× antibiotic-antimycotic and HAT. Lines DIP4 and DIP5 were grown in HAM's media containing 10% FBS and 1× antibiotic-antimycotic solution. DIP2 cells were transfected with a FLAG-tagged CENP-A expression vector, and blasticidin-resistant clones were isolated and expanded. Clone 1c1 (named DIP2-OE in this study) in which the total CENP-A (endogenous+FLAG-CENP-A) was determined to be 50% above endogenous levels (Lam et al. 2006 ) was selected for fiber immunofluorescence and fluorescence in situ hybridization (IF-FISH) experiments in this study. Line DIP3-E7 was created by infecting a primary human dermal fibroblast line (DIP3) with an E7 adenoviral expression vector.
Western blot analysis
Nuclear fractions from DIP3 and DIP3-E7 cells were isolated using cytoskeleton buffer (CSK buffer: 10 mM Pipes pH 6.8, 100 mM NaCl, 300 mM sucrose, 3 mM MgCl2, 1 mM EGTA, 1 mM DTT, 0.1 mM ATP, 0.1% Triton X-100) supplemented with phenylmethylsulfonyl fluoride and protease inhibitor cocktail (Roche). Chromatin and soluble fractions were separated by sonication and centrifugation (Song et al. 2010) . Laemli lysis buffer was added to fractions that were then subjected to sodium dodecyl sulfate (SDS) polyacrylamide gel electrophoresis on 12% acrylamide gels. Proteins were transferred onto PVDF membranes by semi-dry blotting, and Rb was detected by Western blotting using polyclonal antibodies (ab6075, Abcam). Blots were incubated with enhanced chemiluminescence reagents and exposed to autoradiographic film (Kodak Biomax XAR).
IF-FISH on extended chromatin fibers
Immunofluorescence with CENP-A antibodies followed by FISH on extended chromatin fibers was performed using published methods (Blower et al. 2002; Lam et al. 2006) . X alpha satellite (DXZ1) and Y alpha satellite (DYZ3) probes for in situ hybridization were generated by cloning polymerase chain reaction (PCR) products (Warburton et al. 1991) . Probes were labeled with biotin-16-dUTP (Roche), digoxygenin-11-dUTP (Roche), or dUTPs conjugated to Alexa Fluor 488 or Alexa Fluor 568 (Molecular Probes). Commercial directly labeled (red or green) alpha satellite FISH probes were also used (Abbott Laboratories). Fibers were prepared from at least two independent experiments and combined CENP-A immunostaining and FISH was performed using two different schemes to account for potential hybridization or detection bias with fluorescent secondary antibodies. For every cell line, four slides were hybridized. On two, CENP-A was detected with FITC or Alexa Fluor 488 secondary antibodies and alpha satellite probes were directly labeled with Alexa Fluor 568-dUTP or biotin-labeled and detected with Cy3 avidin (Jackson ImmunoResearch). On the other two slides, CENP-A was detected with Cy3 donkey anti-mouse antibodies (Jackson ImmunoResearch) and FISH probes were directly labeled with Alexa Fluor 488-dUTP or biotin-labeled and detected with Alexa Fluor 488 streptavidin (Molecular Probes/ Invitrogen). The specificity and quality of hybridization was confirmed by analyzing unlysed nuclei contained within the preparations on each slide. Only hybridizations showing multiple CENP-A foci but only one signal for each alpha satellite probe were scored. At least 20 fibers were analyzed for each cell line.
Microscopy and image analysis
All images were acquired using an inverted Olympus IX-71 microscope connected to the Deltavision Spectris or Deltavision RT Restoration Imaging System (Applied Precision) equipped with a Photometric CoolSNAP HQ CCD camera. Fibers extending through multiple fields of view were captured using the Panels option in the softWoRx Acquire 3D program and merged into single images using the 'Stitch' function. The 'Measure Distances' tool was used to calculate lengths of fluorescent signals representing euchromatic probe, alpha satellite probes or CENP-A immunostaining. CENP-A domain size was measured by comparing the length of CENP-A antibody staining (in micrometers) to the length of overlapping alpha satellite FISH probe. Alpha satellite FISH probe signal length represented total satellite array size that had been determined by pulsed field gel electrophoresis (PFGE; see below). CENP-A domain size was then calculated from the ratio of the length of CENP-A antibody signal over the total length of alpha satellite FISH signal (Lam et al. 2006 ). Significant differences in the sizes of CENP-A domains in DIP2/DIP2-OE and DIP3/ DIP3-E7 comparisons were determined using a Student's t test. P values less than 0.05 were considered statistically significant. In control experiments that evaluated extent of fiber stretching in CENP-A versus nonCENP-A chromatin, probe lengths (μm) or resolution (kb/μm) were graphed as dot plots, and linear regression analyses were performed using Kalediagraph graphing and data analysis software (Synergy Software).
Pulsed field gel electrophoresis and southern blotting Alpha satellite array sizes were estimated by PFGE and Southern blotting following established protocols Willard 1990, 1998; Floridia et al. 2000) . High molecular weight genomic DNA was embedded in agarose plugs and digested with restriction endonucleases that release the entire alpha satellite array (Wevrick and Willard 1989; Mahtani and Willard 1990) . Saccharomyces cerevisiae and Hansenula wingei chromosomes embedded into agarose were used as size standards (BioRad). Pulsed field gel electrophoresis was performed on a CHEF-DR II apparatus (Bio-Rad) in either 1× TAE (for cell lines containing HSAX) or 0.5× TAE (for cell lines containing HSAY) at 14°C. Plasmid or PCR-generated probes specific for DXZ1 and DYZ3 (Warburton et al. 1991) were labeled with biotin or digoxygenin and hybridized to membranes using the NEBlot Phototope kit (New England Biolabs). Hybridizations were carried out at 68°C overnight using~20 ng/mL of denatured probe, followed by stringent post-hybridization washing in 0.1× SSC/0.1% SDS at 68°C. Probes were detected using the NEB Phototope-Star Detection Kit and exposed to X-ray film (Kodak BioMax XAR). DXZ1 array sizes had been previously determined for cell lines DIP1 and SCX2 by Mahtani and Willard (1990) , but were reconfirmed to show that alpha satellite array sizes were as stable as originally reported two decades ago.
Chromatin immunoprecipitation and PCR
Chromatin immunoprecipitation (ChIP) was carried out on oliognucleosomes isolated from native chromatin as previously described (Mravinac et al. 2009 ). Antibodies recognizing lysine-specific histone modifications included: H3K4me2 (ab7766; Abcam), H3K9me2 (ab1220 or ab730; Abcam), H3K9me3 (ab8898; Abcam), H4K20me3 (ab9053; Abcam) or H4K20me3 (generous gift of J.C. Rice, University of Southern California; Sims et al. 2006) . To control for nonspecific binding, a mock control with no antibody was included in each ChIP experiment. At least three independent ChIP experiments for each antibody were performed. Immunoprecipitated DNA (IP DNA) was amplified with DXZ1 and DYZ3-specific primers for semi-quantitative PCR using an iCycler (Biorad, Burlingame, CA, USA). Primers used for amplifying higher-order alpha satellite have been published previously (Warburton et al. 1991; Bashamboo et al. 2005) . Of the IP DNA, 0.5 μl was used in each PCR reaction, and amplifications were done in duplicate. PCR products were subjected to 2% agarose gel electrophoresis and bands were quantified using Image J software (http://rsb.info.nih.gov/). Levels of modified histones on DXZ1 or DYZ3 (antibody or ab) were calculated as a percentage of input [(IPMock)/(Input-Mock) Query ]. Two genic sites GAPDH and AFM were used as noncentromeric controls for enrichment of histone modifications. Significant differences in levels of modified histones at DXZ1 in DIP3 versus DIP3-E7 were determined using a Student's t test. P values less than 0.05 were considered statistically significant.
Results
Using stretched chromatin fibers to optically measure genomic lengths of CENP-A domains
In this study, we examined how much of a multimegabased array of alpha satellite DNA was occupied by CENP-A. Previous studies, including our own, had shown that CENP-A is usually assembled on only a portion of alpha satellite DNA (Spence et al. 2002; Lam et al. 2006; Mravinac et al. 2009 ). However, it was not clear what proportion of alpha satellite is associated with CENP-A and if CENP-A domain sizes are similar or different among chromosomes. Due to the repetitive nature of alpha satellite DNA and the absence of contiguous genomic assemblies spanning entire arrays, commonly used methods, such as chromatin immunoprecipitation, cannot assign CENP-A or other proteins to exact genomic coordinates or positions within alpha satellite arrays. To circumvent these challenges, we used stretched chromatin fibers to simultaneously visualize alpha satellite DNA and CENP-A immunostaining, thereby obtaining a long-range view of an entire centromere region. This approach presumes that CENP-A regions (centromeric) and nonCENP-A chromatin (euchromatin) stretch to the same extent. To test this assumption, we hybridized chromatin fibers from the same experiment and cell line with FISH probes specific for either alpha satellite DNA or euchromatic regions of the genome. The mean length of the FISH signal for a euchromatic BAC probe specific for a 155 kb region of chromosome 6 was 7.12±4.59 μm (n=41), equating to resolution of 29.42 ± 14.86 kb/μm (Fig. 1a) . Centromeric fibers exhibited a mean length of 57.9± 38.2 μm (n=38), representing genomic resolution of 72.5±37.2 kb/μm (Fig. 1a) . Our experiments indicated that the extent of fiber stretching varied within the preparation. Quantification of stretching depended on the fibers that were analyzed, since~50% of the centromere regions were stretched to the same extent (kb/μm) as euchromatic portions of the genome (Fig. 1a) . In our analyses, we randomly captured chromatin fibers without deliberately selecting the shortest or longest fibers. However, all preparations generated many extremely long, alpha satellite fibers that spanned multiple fields of view. If we exclusively included these long fibers in our comparisons, centromeric stretching was 43.1±17 kb/μm (n=20), indicating that centromeric and euchromatic fibers can stretch to similar extents.
We also tested if CENP-A antibodies could be equivalently detected on short versus long fibers. We plotted the lengths of fluorescent signals representing CENP-A immunostaining and alpha satellite DNA probes on the same fiber. If the ability to detect CENP-A immunofluorescence signals on longer chromatin fibers decreased because the signals became less intense, a nonlinear relationship between CENP-A and alpha satellite DNA linear signal length was expected. When we plotted linear lengths of CENP-A and alpha satellite DNA fluorescence among fibers generated from the same experiment, we observed a clear linear relationship, with the length of CENP-A immunostaining increasing with longer alpha satellite FISH signal length (Fig. 1b-d) . Such results were consistently observed among different cell lines for centromeres of chromosome X (DXZ1; Fig. 1b, c) , chromosome Y (DYZ3; Fig. 1d ), and chromosome 17 (D17Z1; data not shown). These experiments confirmed that stretched chromatin fibers could be confidently used to study both CENP-A and nonCENP-A chromatin and to estimate the genomic extent of CENP-A domain size among different centromeres.
CENP-A chromatin is assembled across a similar proportion of alpha satellite DNA regardless of array size To investigate the correlation between alpha satellite array size and CENP-A domain size among different chromosomes, we measured total array sizes of DXZ1 on HSAX and DYZ3 on HSAY in different male cell lines as well as rodent-human somatic cell hybrids containing single HSAX or HSAY (Table 1) . These chromosomes were chosen since they are haploid and allow unequivocal assignment of an array size to a specific chromosome. High molecular weight genomic DNA was digested with restriction enzymes that do not cut, or cut infrequently, within DXZ1 and DYZ3. Such enzymes released entire DXZ1 or DYZ3 arrays as single or a few fragments that were resolved by PFGE (Mahtani and Willard 1990; Floridia et al. 2000 ; Fig. 2a, c) . Prior analyses of DXZ1 indicated that array sizes vary two-to threefold among individuals (Mahtani and Willard 1990) . Among the eight X chromosomes studied here, DXZ1 array length also varied, supporting these previous findings (Fig. 2a, Table 1 ). DYZ3, alpha satellite array on HSAY, is also polymorphic in size. DYZ3 arrays cluster into two size groups, 100-600 and 700-1,100 kb, within the human male population (Oakey and Tyler-Smith 1990; Abruzzo et al. 1996) . In the five cell lines we analyzed, we also observed a similar distribution (Table 1) . DYZ3 was ≤600 kb in three males, but~1 Mb in the two other males (Fig. 2c) .
To define genomic sizes of CENP-A chromatin domains, stretched chromatin fibers were prepared from each cell line and immunostained for CENP-A followed by FISH with probes specific to DXZ1 or DYZ3 ( Fig. 2b, d ; Blower et al. 2002; Lam et al. 2006; Mravinac et al. 2009 ). Within nine cell lines, the CENP-A domains on DXZ1 (CENP-A DXZ1 ) varied from 630 kb to 1.8 Mb (Fig. 3) . Line DIP1 had the smallest CENP-A DXZ1 domain, occupying 630 kb (±120 kb), or~42% of the array (Fig. 3a, b ). DXZ1 in DIP1 had been previously reported to be very small (1.5 Mb) (Mahtani and Willard 1990) . The other HSAX centromeres exhibited larger alpha satellite arrays (3-4 Mb) and also much larger CENP-A DXZ1 domains that spanned 1.1-1.8 Mb. A general size trend was observed in that equivalently sized alpha satellite arrays had similarly sized CENP-A DXZ1 domains (Table 1) . For instance, the DXZ1 arrays in lines DIP2, SCX2, and SCX4 were~3 Mb, and the CENP-A DXZ1 domains were 1.1-1.2 Mb. Likewise, DXZ1 was~3.5 Mb in lines SCX1 and SCX3, and each CENP-A DXZ1 domain was 1.2 Mb. Our results indicate that like alpha satellite array size, CENP-A DXZ1 domain size varies in different individuals. Overall, CENP-A DXZ1 domains were assembled on 35-45% of the array, regardless of total alpha satellite array size.
CENP-A domain sizes on DYZ3 (CENP-A DYZ3 ) were determined in eight cell lines. Like CENP-A domains on HSAX, CENP-A DYZ3 domains were also heterogeneous in size among individuals. In general, they extended over slightly larger proportions (40-50%) of DYZ3 as compared to CENP-A DXZ1 domains (Fig. 4a, b) . However, like HSAX, we observed the same correlation between total array size and CENP-A domain size. For instance, lines DIP1 and DIP4, which had the smallest DYZ3 arrays (370-450 kb), also had the smallest CENP-A domains (180-200 kb). Likewise, larger DYZ3 arrays had larger CENP-A domains. Taken together, the DXZ1 and DYZ3 experiments indicate that CENP-A chromatin domains are proportionally assembled on one third to one half of alpha satellite arrays, regardless of total array size. Farr et al. (1992) CENP-A domain size expands in transformed cells
Many genomic and epigenetic changes accompany cellular transformation, including changes in DNA methylation and histone modification as well as aberrant gene expression. Increased CENP-A expression and mislocalization occur in some cancers and have been linked with mitotic defects and aneuploidy (Tomonaga et al. 2003; Amato et al. 2009 ). Increased CENP-A domain size may be a feature of tumorigenesis, with chromosomal defects reflecting altered proportions of CENP-A and/or heterochromatin at endogenous centromeres. To test this hypothesis, we mimicked cancer cells by transforming primary human cell line DIP3 via overexpression of human papillomavirus E7 oncoprotein (HPV-E7), creating line DIP3-E7 (Table 1) . HPV-E7 mediates cellular transformation by binding to retinoblastoma tumor susceptibility protein Rb and inhibiting its association with E2F transcription factors (Dyson et al. 1989; Munger et al. 1989 ). In the presence of HPV-E7, cells prematurely enter S phase and become tumorigenic. In addition to suppressing transcription of cell cycle genes regulated by E2F, Rb interacts with DNA and histone methyltransferases to maintain heterochromatin assembly and centromere stability Siddiqui et al. 2007; Manning et al. 2010) . Fig. 2 Genomic size measurements of alpha satellite arrays and CENP-A domains on human chromosomes X and Y. Molecular sizes of alpha satellite arrays were determined by pulsed field gel electrophoresis (PFGE) of high-molecular weight DNA embedded in agarose followed by nonradioactive Southern blotting. a Sizes of DXZ1 arrays in two diploid lines (DIP4, DIP5) and a mouse-human somatic cell hybrid containing a single human X chromosome (SCX3) ranged from 3.7 to 4.2 Mb. The total array size for DXZ1 in each cell line was estimated by adding the molecular weights of all bands that appeared in the Southern blot. Digestion of DNA embedded within agarose plugs with BglI (shown) or BstEII (not shown) released DXZ1 as two or three bands that were detected by Southern blotting. High molecular weight bands are denoted with asterisks. PFGE conditions for DXZ1 were 3 V/cm, initial switch time of 250 s, and a final switch time of 900 s, for 50 h. The figure shows three cell lines that were run on separate but identically sized gels under identical conditions using the same high molecular weight standards. The gel for each cell line was cropped identically and aligned according to the molecular weight standards. b CENP-A domains sizes were determined using CENP-A immunostaining on extended chromatin fibers followed by FISH with a DNA probe specific for DXZ1. Domain sizes were calculated by assigning molecular sizes as determined by PFGE to the length of the alpha satellite signals (in micrometers). CENP-A domains were calculated by comparing the length of the immunostaining on the fiber to the length of the alpha satellite fluorescent signal (see Materials and methods for additional details). The representative image from cell line DIP3 shows CENP-A (red) immunostaining overlapping with only a portion of DXZ1 (green). The merged image is shown on the left, followed by individual image channels for CENP-A (middle) and DXZ1 (right). Scale bar is 10 μm. c Molecular sizing of DYZ3 in two diploid lines (DIP1, DIP4) and a mouse-human somatic cell hybrid containing a single human Y chromosome (SCY1) showed arrays that ranged from 350 to 600 kb. Digestion of DNA embedded within agarose plugs with BamHI released the entire DYZ3 array that was detected by Southern blotting as a single band. High-molecular weight bands are denoted with asterisks. PFGE parameters were 6 V/cm, 10 s initial switch time, 80 s final switch time, for 23 h. The figure shows three cell lines that were run on separate but identically sized gels under identical conditions and using the same high molecular weight standards. The gel for each cell line was cropped identically and aligned according to the molecular weight standards. d Representative image from cell line DIP4 showing CENP-A (red) immunostaining overlapping with a portion of DYZ3 (green). The merged image is shown on the left, followed by individual image channels for CENP-A (middle) and DYZ3 (right). Scale bar is 5 μm
As expected, after HPV-E7 transformation, the amount of chromatin-bound Rb was decreased in DIP3-E7 compared to the parental, untransformed line DIP3 (Fig. 5a ). We also observed that methylation of H3K9 and H4K20 decreased at DXZ1 in DIP3-E7 (Fig. 5b) , suggesting that loss of chromatin-bound Rb reduced enrichment of heterochromatin at centromeres. H3K4me2, a euchromatic modification, was not significantly different on DXZ1 in DIP3-E7 compared to DIP3. Rb depletion has been correlated with increased c amounts of CENP-A (Amato et al. 2009 ). When CENP-A arrays sizes on HSAX and HSAY were measured in DIP3-E7 and compared to parental line DIP3, we observed that the CENP-A domain, originally 1.3 Mb in DIP3, had increased to 2 Mb (Fig. 5c) . CENP-A DYZ3 also expanded from 0.5 Mb (DIP3) to 0.75 Mb (DIP3-E7; Fig. 5d ). The increase in the genomic extent of CENP-A chromatin was similar to what was observed in DIP2-OE, a cancer cell line overexpressing FLAG-tagged CENP-A by 50% (Lam et al. 2006) . We previously showed that DIP2-OE had decreased amounts of heterochromatic histone modifications at DXZ1 compared to parental line DIP2, but the euchromatic modification H3K4me2 was largely unchanged (Lam et al. 2006 ). Thus, in two different cancer-like scenarios (E7 and CENP-A overexpression), the size of the CENP-A domain increased to span almost 70% of the alpha satellite array (Fig. 5c, d ). Collectively, these results suggest that the total genomic extent of CENP-A chromatin at endogenous centromeres expands when cells undergo transformation. Such expansion is associated with decreased enrichment of heterochromatic nucleosomes at centromeres and/or increased expression of CENP-A.
Discussion
In this work, we provide evidence for epigenomic heterogeneity at centromeres reflected by the differences in the genomic distances that CENP-A chromatin occupy on polymorphic alpha satellite DNA arrays of homologous chromosomes. Our results indicate that size of CENP-A chromatin as a domain also varies among nonhomologous chromosomes. In all cases, the genomic size of CENP-A chromatin was consistently proportional to overall alpha satellite array size, ranging from 30% to 50% of the array. Such proportionality of CENP-A domain/alpha satellite array size is not restricted to X or Y chromosomes, as we have also observed similar proportions at centromeres of other human chromosomes (BA Sullivan, unpublished observations). Chromosome size has been proposed to be a predictor of kinetochore size and might explain differences in kinetochore size (Irvine et al. 2004 ). In this model, small chromosomes will have small centromeres and (Irvine et al. 2004) . HSAX is nearly three times larger (155 Mb) than HSAY, yet 40% of the HSAYs in our study contained CENP-A domains that were similar in size to the CENP-A domain on a HSAX (DIP1). We suggest that alpha satellite array size may be more closely correlated to CENP-A domain size than to chromosome size. This conclusion is also supported by our previous data showing that the total genomic extent of the CENP-A domain decreases as an alpha satellite array shortens (Mravinac et al. 2009 ).
Depletion of CENP-A by RNAi profoundly affects chromosome stability when more than 75% of CENP-A in the cell is depleted (Bergmann et al. 2011) . Although genomic length of CENP-A chromatin has not been studied in CENP-A depleted cells, it is reasonable to assume that under these conditions, the genomic size of the CENP-A domain would fall below the normal ratio of 30-50% of each alpha satellite array. In our experiments, HSAX and HSAY were not unstable in cell lines in which CENP-A domain sizes increased at DXZ1 and DYZ3 due to CENP-A overexpression or cellular transformation. Studies in yeast have found that numbers of CENP-A nucleosomes normally exceed the number of microtubule attachments (Joglekar et al. 2008) , suggesting that more kinetochore chromatin is assembled than is actually needed. Our results are consistent with this, in that even when CENP-A chromatin spanned more than 60% of a given alpha satellite array, kinetochore assembly and chromosome stability remained normal. However, expansion of CENP-A domain size in cancer cells did change chromatin organization at centromeres. The longterm effects of these changes remain unclear. Many tumors and cancers are marked by abnormalities, including aberrant histone modifications at satellites and genic regions, defective chromosome structure and segregation, and whole chromosome gains or losses (Tomonaga et al. 2003; Amato et al. 2009; Manning et al. 2010) . CENP-A overexpression in cancer cells is linked to mislocalization of CENP-A to noncentromeric regions (Tomonaga et al. 2003) . Inappropriate CENP-A incorporation into noncentromeric chromatin appears to be more detrimental to chromosome stability than expansion of the CENP-A domain within the centromere region (Van Hooser et al. 2001; Heun et al. 2006) .
Variation in mitotic kinetochore size has been previously reported (Tomkiel et al. 1994 ). These differences could be explained by centromere compaction, numbers of centromere proteins, or sizes of centromeric DNA or chromatin. Our data indicating Fig. 4 Genomic size of the CENP-A chromatin domain is proportional to human chromosome Y alpha satellite array size. a DYZ3 arrays (light gray bars) were measured on different Homo sapiens chromosome Ys (HSAYs) present in human diploid (DIP) male lines or rodent-human somatic cell hybrids (SCY) in which HSAY was the only human chromosome. CENP-A chromatin domain size in megabases (dark gray bars) was determined using CENP-A immunostaining and FISH with a DYZ3 probe. DYZ3 was distributed into two size groups: <600 kb and >1 Mb. Accordingly, CENP-A domains clustered into groups that were either <200 or >500 kb. Error bars represent standard deviations in the genomic length (in megabases). b Calculation of the percentage of DYZ3 occupied by the CENP-A domain (dark gray bars) showed that the CENP-A domain was proportionally assembled on DYZ3 (light gray bars). Typically, 45-50% of DYZ3 was occupied by CENP-A chromatin. Error bars represent standard deviations in the percentage of DYZ3 occupied by the CENP-A domain that there are a range of CENP-A domain sizes among human centromeres support the latter possibility that kinetochore size might vary by the genomic extent of CENP-A chromatin. While it is generally accepted that centromeric/kinetochore chromatin as an overall domain is defined by multiple CENP-A subdomains interrupted by blocks of H3-containing nucleosomes (Brinkley et al. 1992; Blower et al. 2002) , such interspersion of CENP-A and H3 nucleosomes raises questions as to how many CENP-A nucleosomes are present in subdomains. Our study was not focused on quantifying molecules of CENP-A or numbers of CENP-A nucleosomes at each centromere, and clearly this question remains outstanding. Neocentromeres, i.e., new centromeres that form on unique sequences in euchromatin, have provided the most detailed estimates of the genomic range of CENP-A chromatin as a domain and within subdomains. CENP-A subdomains on neocentromeres can range from 5 to 90 kb (Lo et al. 2001; Alonso et al. 2007 Alonso et al. , 2010 . As a Fig. 5 CENP-A domains size changes in response to protein dosage and transformation. a Primary cell line (DIP3) was transformed by virally expressing HPV E7 oncoprotein (DIP3-E7). E7 binds to retinoblastoma protein (Rb) and inactivates it, preventing it from binding to its nuclear targets. Western blotting with anti-Rb antibodies demonstrated that the amount of chromatin-bound Rb was undetectable upon E7 expression and transformation of DIP3. b ChIP-PCR showed that in the absence of chromatin-bound Rb, heterochromatic histone modifications H3K9me2, H3K9me3 and H4K20me3 at DXZ1 were decreased. The poised euchromatic mark H3K4me2 was not significantly different at DXZ1 in DIP3 before and after transformation. Enrichment at DXZ1 was calculated as the ratio of immunoprecipitated DNA to input. GAPDH and AFM were used as genic control sites. Error bars represent standard deviations. c CENP-A chromatin domain size at DXZ1 was measured using CENP-A immunostaining and FISH in cells overexpressing CENP-A (DIP2-OE) and after HPV-E7-mediated transformation/heterochromatin depletion of a primary fibroblast line DIP3 to create DIP3-E7. Comparisons in CENP-A domain size were made to the parent line (i.e., DIP2 vs DIP2-OE and DIP3 vs DIP3-E7). In each case, CENP-A domain size on DXZ1 increased by 1.5-fold of its original size. Error bars represent standard deviations in the total number of megabases occupied by the CENP-A chromatin domain. d CENP-A chromatin domain size on DYZ3 was measured as c in cell lines DIP2-OE and DIP3-E7. Comparisons were made to the parental line in each case (i.e., DIP2 vs. DIP2-OE and DIP3 vs. DIP3-E7). The domain increased 1.5 times in length over DYZ3 when CENP-A was overexpressed or heterochromatin was depleted from the centromere. Error bars represent standard deviations in the total number of megabases occupied by the CENP-A chromatin domain. Significant differences in b, c, and d were calculated using a Student's t test complete domain, CENP-A chromatin on neocentromeres ranges from 120 to 330 kb (Lo et al. 2001; Alonso et al. 2003 Alonso et al. , 2007 Chueh et al. 2005 ). These domain sizes are similar to CENP-A regions on the smallest HSAYs in our study (180-200 kb) , and may represent lower genomic limits of human CENP-A chromatin. We did not observe CENP-A domains that were smaller than 180 kb or exceeded 2 Mb. Broad upper and lower limits for centromere size may protect or de-sensitize cells from becoming aneuploid when there are minor fluctuations in protein availability. Moreover, larger domains might be limited by physical barriers, such as those present at centromeres in fission yeast (Scott et al. 2006) or by epigenetic boundaries (Maggert and Karpen 2001; Nakano et al. 2008) .
Our results highlight several directions for future study, such as how the variation in genomic occupancy of the CENP-A domain as a whole translates into distribution (size and frequency) of CENP-A subdomains, and the size and frequency of CENP-A and H3 subdomains at individual centromeres. CENP-A is loaded in late mitosis/G1 and subsequently diluted by replication in S phase, and it is unclear how replication affects the number and distribution of CENP-A nucleosomes. Alpha satellite is highly homogenous and it is not known if the edges or boundaries of CENP-A chromatin or the CENP-A subdomains themselves are strictly fixed within the large arrays of alpha satellite DNA. The CENP-A domain may slightly shift, or expand and contract, on alpha satellite DNA depending on where and how much new CENP-A is incorporated each cell cycle. The identification of unique markers within alpha satellite to serve as genomic anchors within this expansive repetitive region will be important for testing these models experimentally. Future studies will also be important for determining if very small or large CENP-A chromatin domain sizes occur in specific types of cancer and/or if grossly aberrant domain sizes contribute to aneuploidy and chromosome instability.
